The establishment of the intestinal microflora, and probiotic bacteria, may control the inflammatory conditions in the gut. As polyunsaturated fatty acids (PUFA) possess antimicrobial activities, they may deter the action of probiotics. We assessed whether free linoleic, y-linolenic, arachidonic, a-linolenic and docosahexaenoic acids at physiological concentrations in the growth media would influence the growth and adhesion of Lactobacillus GG (probiotic), Lactobacillus casei Shirota (probiotic) and Lactobacillus bulgaricus (dairy strain). Higher concentrations of PUFA (10-40)lg PUFA ml-1 ) inhibited growth and mucus adhesion of all tested bacterial strains, whilst growth and mucus adhesion of L. casei Shirota was promoted by low concentrations of y-linolenic acid and arachidonic acid (at 5 )lg rnl"), respectively. PUFA also altered bacterial adhesion sites on Caco-2 cells. Caco-2 cells grown in the presence of arachidonic acid were less adhered to by all three bacterial strains. Yet, L. casei Shirota adhered better on Caco-2 cells grown in the presence of a-linolenic acid. As the adhesion to mucosal surfaces is pivotal in health promoting effects by probiotics, our results indicate that the action of probiotics in the gut may be modulated by dietary PUFA. © 2(0) Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
Introduction
The modern hygiene conditions common in Western societies have been speculated to delay the development of the normal intestinal microflora [1] . This could be counteracted by the use of microbial cell preparations, so-called probiotics that are defined as live microbial food ingredients beneficial to health [2] . Probiotics possess welldocumented efficacy in the prevention and treatment of diarrhoeal diseases [3, 4] as well as modulating immune responses [5] . These beneficial effects have been explained by promotion of gut barrier functions.
However, other dietary components might also influence these gut functions. Dietary polyunsaturated fatty acids (PUF A) have been reported to influence epithelial cell • Correspondingauthor. Tel.: +358 (2) 333 6873; Fax: +358 (2) 333 6860; E-mail: paerka@utu.fi membrane functions by modifying overall membrane fluidity, thickness, lipid-phase properties, microenvironment and interactions between fatty acids and membrane proteins [6] . In the context of microflora, PUF A have also been shown to possess antibacterial properties [7] and thus they could compromise the action of indigenous microflora or supplemented probiotics.
Dairy products, the most common delivery vehicle used to introduce probiotics, have a distinct texture and composition, and promote the passage of viable strains through acidic conditions in the stomach [8] . However, dairy products also contain PUFA and, thus, the question can be asked whether they are optimal carriers for probiotics? As the ability to permanently, or at least temporarily, adhere to intestinal mucosal surfaces appears to be an important aspect for optimal function of probiotics [2], we investigated the effects of different free PUF A in growth media on the adhesion properties of commonly used probiotics using two in vitro adhesion models; mucus and the Caco-2 cell adhesion. Moreover, the influence of PUFA on bacterial growth was assessed. 
Materials and methods

Micro-organisms
Lactic acid bacterial strains Lactobacillus rhamnosus strain GG (ATCC53 I03), Lactobacillus delbrueckii ssp. bulgaricus (ATCC1I842) and Lactobacillus casei strain Shirota were selected as their in vitro adhesion properties have been previously reported [9, 10] . Furthermore, Lactobacillus GG and L. casei Shirota have been commercially used in pro biotic products and are the most thoroughly investigated probiotics, whereas L. bulgaricus is a commonly used dairy starter strain.
Bacterial growth
De Man, Rogosa, Sharpe (MRS) broth (Merck, Darmstadt, Germany) [11] was supplemented with or without linoleic (18:2 0>-6), y-linolenic (18:3 0>-6), arachidonic (20:4 <0-6), a-linolenic (18:3 0>-3), or docosahexaenoic acid (22:6 0>-3) at final concentrations of 5, 10, 20 and 40 ug mr '. The range of PUF A concentrations used in this study has been previously demonstrated to be straindependently antibacterial [7, 12] and physiologically relevant [13] . Bacteria were grown anaerobically in different MRS broths at 37°C with gentle agitation to facilitate mixing during the incubation period (18-24 h). The final bacterial concentrations and bacterial viability were assessed using the flow cytometric viability staining method based on bacterial membrane permeability [14] . Table I The effect of differentPUF A on bacterial growth
Mucus adhesion assay
Bacteria were grown in MRS broths supplemented with the same PUFAs at 10, 20 and 40~g rnI-1 to the late exponential phase. Human intestinal mucus was isolated from the faeces of healthy infants (n = II) and the bacterial adhesion to this mucus isolate was studied according to the method described by Kirjavainen et al. [9] . The results shown are the mean (S.D.) of three independent experiments performed in triplicate.
Caco-2 cells, culture conditions and adhesion assay
The Caco-2 cells (ATCC HTB 37) were cultured in minimal essential medium (MEM) supplemented with 1% MEM non-essential amino acids solution (Gibco BRL, NY, USA), 20% heat-inactivated (30 min, 56°C) foetal bovine serum, 2 mM L-glutarnine, 2% sodium bicarbonate (7.5% NaH2C02), 1% 0.1 M sodium pyruvate, 100 U ml"! penicillin and 100 mg mr ' streptomycin at 37°C in an atmosphere of 10% C02/90% air.
Caco-2 mono layers were prepared in 24-well tissue culture plates, seeded at a concentration of 1-3 X 10 5 cellsl well to obtain confluence, and maintained for 2 weeks (fresh medium changed every other day). To study the effects of PUFA on Caco-2 cells, MEM was supplemented with either linoleic acid, y-linolenic acid, arachidonic acid, a-linolenic acid, or docosahexaenoic acid at a final concentration of 10 ug mr". This PUFA concentration was selected according to preliminary growth and mucus ad- hesion findings. One hour before bacterial adhesion assays, fresh non-supplemented MEM was changed.
Bacteria were grown in non-supplemented MRS broth to the late exponential phase. The adhesion of metabolically labelled bacteria to differentially cultured Caco-2 cells was assessed using the method described by Tuomola et al. [10] . The results presented are the mean (S.D.) of three independent experiments performed in triplicate.
Statistical analysis
The StatView 4.57 (Abacus Concepts, Berkeley, CA, USA) statistical program was used to analyse the data. A Student's t-test was used to determine significant differences (P < 0.05) in bacterial growth and adhesion in the presence or absence of PUF A.
Results
Bacterial growth
The effects of free PUF As in the growth medium on bacterial growth are presented in Table I . Linoleic acid inhibited the growth of L. case; Shirota and L. bulgaricus at 40 ug ml-1 (P < 0.05 and P < 0.02, respectively). y-Linolenic acid suppressed the growth of L. case; Shirota at 10 Ilg rnI-1 or higher (P< 0.03), Lactobacillus GG at 20 ug rnI-1 or higher (P<O.OI) and L. bulgaricus at 40 Ilg mr ' (P < 0.05), but promoted the growth of L. casei Shirota at 5 ug rnI-1(P < 0.05). Arachidonic acid inhibited the growth of L. casei Shirota at 20 ug mr ' or higher (P < 0.02) and that of Lactobacillus GG at 40 ug ml-1 (P < 0.01). a-Linolenic acid suppressed the growth of Lactobacillus GG and L. bulgaricus at 20 ug ml-1 or higher (P <0.05 and P < 0.02, respectively), whilst the growth of L. casei Shirota was already inhibited at 10 ug ml"! (P < 0.05). Docosahexaenoic acid suppressed only the growth of L. casei Shirota at 40 ug ml-1 (P < 0.01).
Although PUF A at higher concentrations inhibited the growth of bacteria (seen as lowered % of final number of viable bacteria in Table 1 ), the viability of bacteria was not impaired. This was evinced by flow cytometric assessment of bacterial viability showing that over 95% of each bacterial strain possessed nonpermeable cell membrane to propidium iodide and were regarded as viable.
Mucus adhesion
The bacterial concentrations used did not saturate the binding capacity of mucus isolate. Generally, higher doses of PUF A in the growth medium inhibited bacterial adhesion to human intestinal mucus (Table 2) . Linoleic acid in the growth media (40 Ilg ml-1 ) inhibited the adhesion of for both). Yet, the adhesion of L. casei Shirota was markedly promoted by arachidonic acid at 10 ug ml-I in growth media (P < 0.05). The presence of a-linolenic acid in growth media inhibited the adhesion of Lactobacillus GG at 20 Ilg rnI-1 or higher (P < 0.05), whilst 40 ug ml-I of a-linolenic acid was needed to inhibit the adhesion of L. case; Shirota (P < 0.001) and L. bulgaricus (P<O.OI). Docosahexaenoic acid suppressed the adhesion properties of L. case; Shirota at 10 ug mr ' or higher (P < 0.03), that of Lactobacillus GG at 20 ug ml-I or higher (P < 0.01), and that of L. bulgaricus at 40 ug ml-I(p < 0.02).
Caco-2 cell adhesion
Intestinal epithelial cells were also affected by PUF As, evinced by variation in bacterial adhesion to differentially cultured Caco-2 cells. Culturing of Caco-2 cells in the presence of linoleic acid, y-linolenic acid, arachidonic acid and docosahexaenoic acid reduced the adhesion of Lactobacillus GG (Fig. lA) . L. casei Shirota and L. bulgaricus adhered less on Caco-2 cells grown in the presence of arachidonic acid (Fig. IB,C, respectively) . However, Caco-2 cells grown in the presence of a-linolenic acid were able serve more adhesion sites for L. casei Shirota compared to control (Fig. lB) .
Discussion
The bactericidal activity of PUF A has been recognised for some time [7, 12] . In particular, the antibacterial activity of free linoleic acid on lactic acid bacteria has been demonstrated [15, 16] . In accordance, we have demonstrated here that free linoleic acid inhibited growth of L. casei Shirota and L. bulgaricus at high concentrations (40 ug mr"), but had no statistically significant effect on the growth of Lactobacillus GG. Also, the other free fatty acids tested were antibacterial, though y-linolenic acid at a low dose promoted the growth of L. casei Shirota. As the flow cytometric viability assessment revealed that bacterial viability was not compromised by free PUF A, it is suggested that PUF A are not lethal to lactic acid bacteria but hinder the normal bacterial cell cycle.
Mucus adhesion has been considered important for persistence and subsequent immunological functions of probiotics [2] . Lactobacillus GG has been previously shown in vitro to adhere well to mucus [9] , and the present study confirms these results. In addition, we have shown here that free PUF A could influence mucus adhesion properties of lactic acid bacteria. Bacterial mucus adhesion was inhibited by different free PUFA at 10-40 ug ml-I in growth media, the only exception being arachidonic acid (10 ug ml") that promoted mucus adhesion of L. casei Shirota. As mucus adhesion is the first step in persistence, the inhibited mucus adhesion shown here might reduce the number of bacteria able to adhere to epithelial cells, a key step for the health promoting functions of probiotics.
The influence of PUF A on intestinal epithelial cells have been demonstrated. Especially, w-6 fatty acids have been shown to up-regulate epithelial permeability and inflammation associated with mucosal damage [17] . They have also been demonstrated to reduce the numbers of lactic acid bacteria in the digestive tract, whereas w-3 fatty acids promoted the establishment of lactic acid bacteria in fish [IS]. These authors suggested that PUFA could modify adhesion sites for gastrointestinal micro-organisms by changing membrane fatty acid composition of the intestinal epithelial cells. Though the effects of free PUF A seen in our study may be dose-dependent, our results support their conclusion. Culturing of Caco-2 cells with arachidonic acid (ro-6 PUFA) reduced the Caco-2 cell adhesion of lactic acid bacteria, whereas a-linolenic acid, the major 0)-3 PUFA, did not interfere with Caco-2 cell adhesion of Lactobacillus GG or L. bulgaricus, and even promoted the adhesion of L. caset Shirota. Thus, 0)-6 fatty acids may exhibit multiple aspects in impairment of the intestinal barrier functions.
Probiotics are commonly introduced in specific carriers, such as fermented dairy products. These carriers contain approximately l ug ml"! free PUFA, but due to the action of lipases, this concentration of free PUF A may exceed even 400 ug ml-I [12] . However, this PUFA level can be considered as an overestimate as the secretions in the intestine increase the food bolus (dilution) and the absorption of fatty acid is a rapid process. Yet, as seen in this study, physiologically relevant levels of free PUFA may influence the functions of probiotics. Consequently, nonadhered probiotics may be 'washed out' from the gastrointestinal tract, and potential health benefits may be compromised. Thus, a better understanding of interactions between dietary factors, such as PUF A, and intestinal microflora is a prerequisite, when the beneficial effects of novel functional foods containing probiotics are designed and clinically assessed.
